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MULTI-DOMAIN HETEROGENEOUS
PROCESS-VOLTAGE-TEMPERATURE
TRACKING FOR INTEGRATED CIRCUIT
POWER REDUCTION

BACKGROUND

1. Field

The present invention relates to integrated circuits and,
more particularly, to systems and methods for power reduc-
tion using multi-domain heterogeneous process-voltage-em-
perature tracking.

2. Background

The increased use of mobile, battery-powered devices has
increased the importance of reducing power consumption in
large heterogeneous system-on-a-chip integrated circuits
(SoCs). Among the techniques to achieve power reductions,
dynamically adjusting supply voltage based on tracking pro-
cess, temperature, and voltage drop is highly effective since
reducing supply voltage can significantly reduce both
dynamic and static power of an SoC.

However, in large SoCs with many millions of transistors
on a single die, there are several supply domains that can have
independent voltage levels. Additionally, an SoC can have a
number of heterogeneous devices, for example, transistors
with different threshold voltages (Vth) and channel lengths,
with each type of device having its own performance and
power attributes. Dynamically adjusting supply voltages fora
whole SoC can also be very difficult due to the use of (1)
different technology library implementations such as high-
speed and high-density; (2) different supply domains with
different configurations of voltage regulators (e.g., using a
switching mode power supply (SMPS) or low drop-out
(LDO) regulator); and (3) a variety of hard macros that can
each have a different supply domain and independent power
controls.

Limitations of prior approaches include high complexity,
difficult to adapt to new designs, cost (power and chip area),
and lost performance. A prior approach to track all these
supply domains with heterogeneous hard macros and tech-
nology library implementations is Process Voltage Scaling
(PVS). This is a traditional approach that determines the
process conditions of the die. It is based on binning using
Fmax (maximum operating frequency) vectors during pro-
duction testing. Limitations of PVS include: not able to track
temperature; high cost of test time; process binning is coarse
grained; difficult to track heterogeneous domains and hard
macros; determining a good Fmax vector on complex SoCs is
very difficult; and cannot compensate for board-level drops
on supply voltages.

A second prior approach to track all these supply domains
with heterogeneous hard macros and technology library
implementations is open loop voltage adjustment using pro-
cess monitors where several PVT (process, voltage, tempera-
ture) monitors can be placed in each supply domain and read
during chip testing to determine the die process conditions
(e.g., slow, nominal, fast). The appropriate voltage for each
supply domain can be stored (e.g., by blowing fuses) during
the testing process based on measurements from the process
monitors. This approach, compared to PVS, has better test
time and less complexity, does not need Fmax vectors, and
can be used with heterogeneous domains. Limitations of this
second prior approach include that it can only track process
variation and thus requires added margins (that reduce device
performance) for temperature and other factors.

A third prior approach to track all these supply domains
with heterogeneous hard macros and technology library
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implementations combines the process monitors of the above
approach with PVT monitors and uses a central controller for
each supply domain and each device type to dynamically
adjust voltage during operation of the SoC. This approach can
lower power consumption of the open-loop approaches due to
the additional supply voltage adjustments. However, this
approach needs PVT monitors in each power and supply
domain and a central controller per each supply domain or
sub-regulated domain and per each library implementation
type. These central controllers read the data of PVT monitors,
interpret the data, and send voltage recommendations for
their domains to an arbiter (e.g., a hardware or software based
power management integrated circuit (PMIC) controller).

Limitations of this third approach include the power and
area overhead due to the use of multiple central controllers—
for each supply domain and each library implementation.
This overhead can be very large since the number of supply
domains in complex SoCs is large. The overhead could wipe
out the power savings. Also, this approach is also complex.
For example, managing the supply voltage in just a single
supply domain with different technology library implemen-
tations and with different device types is difficult.

SUMMARY

In one aspect, an integrated circuit is provided that
includes: a plurality of performance sensors configured to
measure performance of circuitry in the integrated circuit,
wherein at least one of the plurality of performance sensors is
connected to each of a plurality of supply domains in the
integrated circuit; and a core power reduction (CPR) control-
ler module coupled to the plurality of performance sensors
and configured to collect performance measurements from
the plurality of performance sensors by sequentially receiv-
ing the performance measurement from each of the plurality
of performance sensors, and assigning each of the perfor-
mance measurements to one of a plurality of categories; and
process the performance measurements to determine target
voltage levels for each of the plurality of supply domains.

In one aspect, an integrated circuit is provided that
includes: a plurality of performance sensors configured to
measure performance of circuitry in the integrated circuit,
wherein the plurality of performance sensors are connected to
at least one supply domain in the integrated circuit, and
wherein the plurality of performance sensors include sensors
for heterogeneous circuits that have different relationships
between supply voltage and circuit speed; and a core power
reduction (CPR) controller module coupled to the plurality of
performance sensors and configured to collect performance
measurements from the plurality of performance sensors by
sequentially receiving the performance measurement from
each of the plurality of performance sensors, and assigning
each of the performance measurements to one of a plurality of
categories; and process the performance measurements to
determine a target voltage level for the at least one supply
domain.

In one aspect, method is provided for use in controlling
supply voltages for multiple supply domains to reduce power
in an integrated circuit. The method includes: measuring cir-
cuit performance in the multiple supply domains using a
plurality of heterogeneous performance sensors; collecting
performance measurements by sequentially receiving the
performance measurement from each of the plurality of het-
erogeneous performance sensors, and assigning each of the
performance measurements to one of a plurality of catego-
ries; and processing the performance measurements to deter-
mine target levels for the supply voltages.
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In one aspect, an apparatus is provided that includes: a
plurality of means for sensing performance of circuitry in the
integrated circuit, wherein at least one of the plurality of
means for sensing performance is connected to each of a
plurality of supply domains in the integrated circuit, and
wherein the plurality of means for sensing performance
include sensors for heterogeneous circuits that have different
relationships between supply voltage and circuit speed; and a
means for controlling voltages of the plurality of supply
domains configured to collect performance measurements
from the plurality of means for sensing performance by
sequentially receiving the performance measurement from
each of the plurality of means for sensing performance, and
assigning each of the performance measurements to one of a
plurality of categories; and process the performance measure-
ments to determine a target voltage level for each of the
plurality of supply domains.

Other features and advantages of the present invention
should be apparent from the following description which
illustrates, by way of example, aspects of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The details of the present invention, both as to its structure
and operation, may be gleaned in part by study of the accom-
panying drawings, in which like reference numerals refer to
like parts, and in which:

FIG. 1 is a functional block diagram of an electronic sys-
tem with multi-domain heterogeneous process-voltage-tem-
perature tracking according to a presently disclosed embodi-
ment;

FIG. 2 is a block diagram illustrating layout of an inte-
grated circuit with multi-domain heterogeneous process-volt-
age-temperature tracking according to a presently disclosed
embodiment;

FIG. 3 is a functional block diagram of a core power reduc-
tion controller according to a presently disclosed embodi-
ment;

FIG. 4 is a functional block diagram of aspects of a perfor-
mance sensor according to a presently disclosed embodi-
ment; and

FIG. 5 is a waveform diagram illustrating operation of the
system of FIG. 1;

FIG. 6 is a flowchart of a process for multi-domain hetero-
geneous process-voltage-temperature tracking according to a
presently disclosed embodiment.

DETAILED DESCRIPTION

The detailed description set forth below, in connection with
the accompanying drawings, is intended as a description of
various configurations and is not intended to represent the
only configurations in which the concepts described herein
may be practiced. The detailed description includes specific
details for the purpose of providing a thorough understanding
of'the various concepts. However, it will be apparent to those
skilled in the art that these concepts may be practiced without
these specific details. In some instances, well-known struc-
tures and components are shown in simplified form in order to
avoid obscuring such concepts.

FIG. 1 is a functional block diagram of an electronic sys-
tem with multi-domain heterogeneous process-voltage-tem-
perature tracking according to a presently disclosed embodi-
ment. Multi-domain refers to the system using multiple
supply domains that can have independent voltage levels.
Heterogeneous refers to the system including disparate types
of circuits. Process-voltage-temperature tracking refers to the
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system adjusting parameters, such as supply voltages, to track
changes in process, voltage, and temperature (which are
major influences on circuit performance) or other conditions.
The system may be implemented using one or multiple inte-
grated circuits. The system may be, for example, used in a
mobile phone.

The system includes various modules that perform opera-
tional functions for the system. The example system illus-
trated in FIG. 1 includes a processor module 120, a graphics
processing unit (GPU) 130, a modem module 140, and a core
module 150. The processor module 120 can provide general
programmable functions; the graphics processing unit 130
can provide graphics functions; the modem module 140 can
provide communications functions, for example, wireless
communications according to long term evolution (LTE) or
code division multiple access (CDMA) protocols; and the
core module 150 can provide various functions that are not
provided by the other modules.

A clock generation module 113 receives a reference clock
input and supplies one or more one clock signals to the other
modules. The clock generation module 113 may include
phase locked loops and dividers to supply the clock signals at
various frequencies. The clock generation module 113 sup-
plies the clocks to the other modules at frequencies controlled
by a core power reduction controller module 111. All or parts
of the functions of the clock generation module 113 may be
located in the various modules that use the clock signals.

A power management integrated circuit (PMIC) 115 sup-
plies one or more voltages to the other modules in the system.
The PMIC 115 may include switching voltage regulators and
low-dropout regulators. The PMIC 115 may be a separate
integrated circuit. The voltages supplied by the PMIC 115 are
also controlled by the core power reduction controller module
111. Modules of the systems may have one voltage supply,
multiple voltages supplies (e.g., the core module 150), or
multiple modules may operate with a common voltage supply
(e.g., the processor module 120 and a GPU module 130).
Additionally, a module may include a sub-domain that uses a
supply voltage that is regulated from another supply voltage.
For example, the sub-domain voltage may be regulated down
from domain voltage using an LDO regulator or the sub-
domain voltage may be switched off to save power from
circuits in the sub-domain.

The processor module 120, the graphics processing unit
130, the modem module 140, and the core module 150
include performance sensors. In the example system of FIG.
1, the processor module 120 includes two performance sen-
sors 121, 122; the graphics processing unit 130 includes a
performance sensor 131; the modem module 140 includes a
performance sensor 141; and the core module 150 includes
two performance sensors 151, 152. Each of the performance
sensors includes circuitry to measure circuit speed. For
example, the performance sensors may count oscillations of
ring oscillators. The performance sensors measure perfor-
mance characteristics of circuitry in the sensor. Although the
performance of circuitry in an integrated circuit may vary
with location, temperature, voltage drop, and other param-
eters, performance measured by a performance sensor can be
used to estimate performance of similar circuitry near the
performance sensor.

The performance sensors are heterogeneous, that is, they
provide measurements for different types of circuits (those
with different relationships between circuit speed and supply
voltage). For example, performance sensor 121 in the proces-
sor module 120 may provide measurements for circuits built
using high-speed transistors and performance sensor 122 in
the processor module 120 may provide measurements for
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circuits built using low-leakage transistors. For another
example, performance sensor 151 and performance sensor
152 in the core module 150 may provide measurements for
circuits operating in different supply domains.

The core power reduction controller module 111 generally
operates to reduce power in the electronic system. Although
the core power reduction controller module 111 shares the
word ‘core’ with the core module 150, effects of the core
power reduction module 111 are not limited to the core mod-
ule 150. Additionally, the core power reduction module 111
may operate to affect other characteristics of the electronic
system; for example, the core power reduction module 111
may operate to increase the operating frequency of the elec-
tronic system.

The core power reduction module 111, in the illustrated
embodiment, controls the clock frequencies and the supply
voltages used by the modules in the system. The core power
reduction controller module 111 may, for example, control
the frequencies and voltages based on an operating mode
selected by the processor module 120. The core power reduc-
tion controller module 111 can determine the supply voltages
based on performance measurements from the performance
sensors in the corresponding modules. The core power reduc-
tion controller module 111 can determine the supply voltages
so that they equal or only slightly exceed (e.g., 10 mV) the
minimum voltages needed for a selected operating frequency.

In other embodiments, the core power reduction controller
module 111 may control just the supply voltages or just the
clock frequencies. The core power reduction controller mod-
ule 111 may alternatively or additionally control other system
parameters. For example, the core power reduction controller
module 111 may control temperature (cooling) or body biases
of transistors (adaptive body biasing).

Prior systems have operated with dynamic voltage control
or have used multiple controllers for different domains and
types of circuits. These systems can be complex to develop
and consume excess power, for example, due to voltage sup-
plies being set to higher voltages than needed for a given
operating condition.

The systems and method described herein provide efficient
(e.g., low power and low area) means to track performance in
numerous supply domains with heterogeneous hard macros,
devices, and cell libraries that are used in a large SoC. Mea-
surements from performance sensors (or process-voltage-
temperature (PVT) sensors) that are spread about the SoC are
collected and processed to determine voltage levels for each
of the supply domains. The technique is flexible and can be
easily adapted for use in SoCs with different power supply
domains and types of circuits.

FIG. 2 is a diagram illustrating layout of an integrated
circuit with multi-domain heterogeneous process-voltage-
temperature tracking according to a presently disclosed
embodiment. The integrated circuit may be used to imple-
ment the electronic system of FIG. 1. The integrated circuit
may be, for example, fabricated using a complementary
metal-oxide-semiconductor (CMOS) process.

The integrated circuit of FIG. 2 includes four periphery
blocks 210 (2104, 21056, 210¢, and 2104) located along the
edges of the integrated circuit. The integrated circuit includes
a processor module 220, a graphics processing module 230,
and a modem module 240 that are large blocks internal to the
integrated circuit. Other functions of the integrated circuit,
such as those provided by the core module 150 in the system
of FIG. 1, may be spread throughout remaining (“core”) areas
250 of the integrated circuit. The core power reduction con-
troller module 225, in the embodiment of FIG. 2 is imple-
mented in the remaining areas 250 of the integrated circuit.
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The integrated circuit also includes performance sensors
261 that are spaced throughout the integrated circuit area.
Although FIG. 2 illustrates twenty-four performance sensors,
an integrated circuit implementation may include many hun-
dreds of performance sensors. The performance sensors are
connected in a scan chain to the core power reduction con-
troller module 225. The performance sensors may be chained
in a zigzag pattern. Additionally, the chain of performance
sensors for a module may be contiguous (or mostly contigu-
ous) so the module can be powered down and those perfor-
mance sensors bypassed as a block. For example, the perfor-
mance sensors in the processor module 220 may be bypassed
by coupling the output of scan chain of performance sensors
in graphics processing module 230 directly to the core power
reduction controller module 225. Circuitry in the perfor-
mance sensors 261, or other circuitry, may perform the bypass
of a block. Individual performance sensors may also be
bypassed.

FIG. 3 is a block diagram of a core power reduction (CPR)
controller module 325 according to a presently disclosed
embodiment. The CPR controller module may be used to
implement the core power reduction controller module 111 in
the system of FIG. 1 and the core power reduction controller
module 225 in the integrated circuit of FIG. 2.

The CPR controller module includes a sensor interface
module 335 to communicate with performance sensors.
Communication with the performance sensors includes sup-
plying controls for various sensor modes (e.g., what type of
measurement will be made or bypassing the sensor) and
receiving performance measurements from the sensors. The
sensor interface module 335 can be implemented, for
example, using a finite state machine.

A category identifier/mapping module 333 determines a
category for each sensor measurement received via the sensor
interface module 335. The categories are for a certain type of
sensor and supply domain. For example, the performance
measurements for cells from a high-speed library in a first
supply domain and the performance measurements for cells
from a high-density library in the first supply domain are kept
in separate categories (sometimes referred to as buckets).
Additionally, the performance measurements for cells from
the high-speed library in the first supply domain and the
performance measurements and for cells from the high-speed
library in a second supply domain are kept in separate cat-
egories. The mapping to categories can be based, for example,
on a sensor identifier or the location of the sensor on the scan
chain.

The measurement preprocessing module 331 can perform
initial processing of the measurements. For example, a worst-
case measurement can be determined. When the measure-
ments are counts of ring oscillators, the measurement prepro-
cessing module 331 may keep just the smallest value, which
is the worst-case (slowest) measurement. Preprocessing is
performed category by category to produce a category per-
formance measurement for each category. The preprocessing
can be performed while the measurements are scanned. This
can speed analysis of measurements and reduce the amount of
processing (e.g., by reducing many measurements to one
worst-case value) after collection of the measurements is
completed.

A CPR processor module 337 receives the preprocessed
measurements and determines target voltage levels for each
supply domain. The target voltage levels can then be signaled,
for example, to a PMIC to adjust its output voltages. The
processor may be multi-threaded, e.g., with one processing
thread per domain or category. The CPR processor functions
may be provided by other modules, for example, the proces-
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sor module 120 in the system of FIG. 1 or the processor
module 220 in the integrated circuit of FIG. 2.

The CPR processor module 337 can perform many difter-
ent analyses of the measurement results. The CPR processor
module 337 can, for example, for a supply domain with
multiple types of devices or library cells, aggregate the results
of two or more types of performance measurements and pro-
vide a single determination for the voltage for that domain.
The CPR processor module 337 may determine voltage levels
(including supply domains with heterogeneous circuits) for
multiple domains at the same time. For example, the CPR
processor module 337 can control voltages for a parent
domain and child sub-domain. The child sub-domain is sub-
regulated, for example, by an LDO regulator, from the parent
domain. The CPR processor module 337 can aggregate mea-
surement results from the parent and child domains to deter-
mine voltages for each domain.

FIG. 4 is a functional block diagram of aspects of a perfor-
mance sensor according to a presently disclosed embodi-
ment. The performance sensor may be used to implement the
performance sensors (121,122,131, 141,151, 152) of FIG. 1
and the performance sensors 261 of FIG. 2. The performance
sensor receives signals from a prior performance sensor on
the scan chain (or a CPR controller module) on an input
interface 401 and supplies signals to a subsequent perfor-
mance sensor on the scan chain (or a CPR controller module)
on an output interface 402. In the embodiment of FIG. 4, each
interface includes a mode signal, an enable signal, a clock
signal, and a 2-bit data signal. Wider or narrower data signals
may be used in other embodiments.

The performance sensor of FI1G. 4 includes a measurement
module 430 that has one or more circuits to measure circuit
performance, for example, by operating ring oscillators to
produce outputs whose frequencies are indicative of circuit
performance. The measurement module 430 may measure
performance of different types of circuits, for example, cir-
cuits with different transistor types or different types of cell
libraries.

The performance sensor includes a control module 425 that
provide control logic for the performance sensor. The control
module 425 may include counters to count oscillations of the
outputs from the measurement module 430. The counters can
count for a known time period to measure frequencies of
oscillators in the measurement module 430.

The control module 425 decodes signals received on the
input interface 401. The control module 425 can, for example,
control modes (e.g., idle, measuring, shifting out results, or
bypassed) based on the values of the mode and enable signals.
The control module 425 also controls the signals on the output
interface 402, for example, to supply measurement results.

The interface signals use source synchronous timing so
that the timing requirements of the signals can be easily met.
The input data signals are latched in flip-flops 443, 444 on
rising edges of the clock signal. The output data signals tran-
sition on falling edges of the clock signal by being latched in
flip-flops 453, 454 on falling edges of the clock signal. Thus
the setup and hold times of the data signals relative to the
clock signal are approximately one-half of the clock period.
When the performance sensor is bypassed, multiplexers 462,
463 select the data input signals to drive on the data output
signals directly. Buffers 441, 442, 445 receive the mode sig-
nal, the enable signal, and the clock signal on the input inter-
face 401 and drive the corresponding signals on the output
interface 402. The buffers 441, 442, 445 help maintain essen-
tially the same timing relationship between the interface sig-
nals at each location in the chain of performance sensors.
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Portions of the performance sensor may operate in differ-
ent supply domains. For example, the measurement module
430 can be connected to the supply voltage of the module in
which the particular performance sensor is located and other
portions of the performance sensor can be on a supply voltage
that is common to all of the performance sensors. Also, the
performance sensor can operate without having any connec-
tions to the functional module it is located in.

FIG. 5 is a waveform diagram illustrating operation of the
system of FIG. 1 which may be implemented using the inte-
grated circuit of FIG. 2 and use the CPR controller module
325 of FIG. 3 and the performance sensor of FIG. 4. In FIG.
5, a CPR measurement-data collection-analysis cycle is
shown.

During time interval 511, the performance sensors are
measuring performance. For example, counters in the control
module 425 can count oscillations of ring oscillators in the
measurement module 430 the duration of the measurement
period. The measurement time interval 511 may be preceded
by a command to the performance sensors, for example, to
indicate the type of measurement to be performed. As shown
in FIG. 5, the supply voltage VDD may move about its nomi-
nal value over time, for example, due to changes in current
draws of various circuits that draw current from that supply
voltage. By operating the performance sensors over the mea-
surement time interval 511, the measurement provides an
average over the voltages of that time interval.

During time interval 515, after the measurements are com-
pleted, the measurement results are scanned from the perfor-
mance sensors to the CPR controller module. As described
with reference to FIG. 3, while the measurement results are
scanned they are categorized and preprocessed is performed.
After the results are scanned, categorized, and preprocessed,
the results are analyzed to determine target voltage levels for
each supply domain. If the target voltage levels differ from the
current voltage levels, the CPR controller module can cause
the corresponding changes.

During time interval 516, after the measurements are
scanned into the CPR controller and processed, the CPR
controller and the performance sensors may remain idle.
Another CPR measurement-data collection-analysis cycle
then begins with measurement time interval 521.

FIG. 6 is a flowchart of a process for multi-domain hetero-
geneous process-voltage-temperature tracking according to a
presently disclosed embodiment. The process may be per-
formed for each CPR measurement-data collection-analysis
cycle. Steps of the process may be, for example, performed
using the electronic system of FIG. 1, performed in the inte-
grated circuit of FIG. 2, performed using the CPR controller
of FIG. 3, and performed using the performance sensor of
FIG. 4.

In step 605, performance sensors measure circuit perfor-
mance. The performance sensors are located in multiple sup-
ply domains and measure heterogeneous types of circuits.

The process sequences through steps 610, 620, and 630 for
each performance sensor to sequentially collect performance
measurements. In step 610, a performance measurement is
received, for example, as the measurement is shifted from the
chain of performance sensors. In step 630, the measurement
is assigned to a category (bucket). The category may be for a
particular supply domain and circuit type. In step 640, the
measurement is preprocessed, for example, to keep a running
tally of the worst case value for each category. Preprocessing
can include masking (excluding from analysis) the measure-
ment.

In step 650, the process checks if there are more measure-
ments to receive, for example, based on comparing a count of
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measurements received and the number of sensors. If there
are more measurements, the process returns to step 610;
otherwise, the buckets are processed, in step 660, to deter-
mine target voltage levels for the supply domains.

In step 660, the process may evaluate the measurements for
each category to determine indicated target voltage levels. For
example, the process may compare the worst case value (from
step 640) of the performance measurements for each category
to a target performance value to determine whether the mea-
surements for that category indicate that the voltage level for
the associated supply domain should be increased, decreased,
orheld at the current value. The target performance values can
be chosen based on a desired performance. The target perfor-
mance values can be different for each category, for example,
based on the associated circuit type. The process can then
merge the indicated target voltage levels for the categories in
each of the supply domains to determine target voltage levels
for the supply domains.

The process for multi-domain heterogeneous process-volt-
age-temperature tracking may be modified, for example, by
adding, omitting, reordering, or altering steps. Additionally,
steps may be performed concurrently.

Although embodiments of the invention are described
above for particular embodiments, many variations of the
invention are possible. For example, the numbers of various
components may be increased or decreased, modules and
steps that determine a supply voltage may be modified to
determine a frequency, another system parameter, or a com-
bination of parameters. Additionally, features of the various
embodiments may be combined in combinations that differ
from those described above.

Those of skill will appreciate that the various illustrative
blocks and modules described in connection with the embodi-
ments disclosed herein can be implemented in various forms.
Some blocks and modules have been described above gener-
ally in terms of their functionality. How such functionality is
implemented depends upon the design constraints imposed
on an overall system. Skilled persons can implement the
described functionality in varying ways for each particular
application, but such implementation decisions should not be
interpreted as causing a departure from the scope of the inven-
tion. In addition, the grouping of functions within a module,
block, or step is for ease of description. Specific functions or
steps can be moved from one module or block or distributed
across to modules or blocks without departing from the inven-
tion.

The various illustrative logical blocks and modules
described in connection with the embodiments disclosed
herein can be implemented or performed with a general pur-
pose processor, a digital signal processor (DSP), application
specific integrated circuit (ASIC), a field programmable gate
array (FPGA) or other programmable logic device, discrete
gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions
described herein. A general-purpose processor can be a
microprocessor, but in the alternative, the processor can be
any processor, controller, microcontroller, or state machine.
A processor can also be implemented as a combination of
computing devices, for example, a combination of a DSP and
amicroprocessor, a plurality of microprocessors, one or more
microprocessors in conjunction with a DSP core, or any other
such configuration.

The steps of amethod or algorithm described in connection
with the embodiments disclosed herein can be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
can reside in RAM memory, flash memory, ROM memory,
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EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium. An exemplary storage medium can be coupled to the
processor such that the processor can read information from,
and write information to, the storage medium. In the alterna-
tive, the storage medium can be integral to the processor. The
processor and the storage medium can reside in an ASIC.

The above description of the disclosed embodiments is
provided to enable any person skilled in the art to make or use
the invention. Various modifications to these embodiments
will be readily apparent to those skilled in the art, and the
generic principles described herein can be applied to other
embodiments without departing from the spirit or scope of the
invention. Thus, it is to be understood that the description and
drawings presented herein represent a presently preferred
embodiment of the invention and are therefore representative
of the subject matter which is broadly contemplated by the
present invention. It is further understood that the scope of the
present invention fully encompasses other embodiments that
may become obvious to those skilled in the art and that the
scope of the present invention is accordingly limited by noth-
ing other than the appended claims.

What is claimed is:

1. An integrated circuit, comprising:

a plurality of performance sensors configured to measure
performance of circuitry in the integrated circuit,
wherein at least one of the plurality of performance
sensors is connected to each of a plurality of supply
domains in the integrated circuit; and

a core power reduction (CPR) controller module coupled to
the plurality of performance sensors and configured to
collect performance measurements from the plurality of

performance sensors by sequentially

receiving the performance measurement from each of
the plurality of performance sensors, and

assigning each of the performance measurements to
one of a plurality of categories; and

process the performance measurements to determine

target voltage levels for each of the plurality of supply

domains.

2. The integrated circuit of claim 1, wherein the plurality of
performance sensors are coupled to the CPR controller mod-
ule in a scan chain.

3. The integrated circuit of claim 2, wherein the CPR
controller module comprises:

a sensor interface module configured to communicate with

the plurality of performance sensors;

a category identifier/mapping module configured to iden-
tify a category of the plurality of categories associated
with each of the plurality of performance sensors;

a measurement preprocessing module configured to pro-
duce a category performance measurement for each of
the plurality of categories; and

a CPR processor module configured to process the cat-
egory performance measurements to determine the tar-
get voltage levels each of the plurality of supply
domains.

4. The integrated circuit of claim 2, wherein the scan chain
includes a bypass for at least one block of the plurality of
performance sensors.

5. The integrated circuit of claim 1, wherein the plurality of
performance sensors include sensors for heterogeneous cir-
cuits that have different relationships between supply voltage
and circuit speed.

6. The integrated circuit of claim 5, wherein the heteroge-
neous circuits include circuits using different transistor types.
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7. The integrated circuit of claim 5, wherein the heteroge-
neous circuits include circuits using different cell libraries.

8. The integrated circuit of claim 1, wherein the plurality of
categories include a category for each of the plurality of
supply domains.

9. The integrated circuit of claim 8, wherein the plurality of
performance sensors include sensors for heterogeneous cir-
cuits that have different relationships between supply voltage
and circuit speed, and wherein the plurality of categories
further include a category for each type of heterogeneous
circuit.

10. An integrated circuit, comprising:

a plurality of performance sensors configured to measure
performance of circuitry in the integrated circuit,
wherein the plurality of performance sensors are con-
nected to at least one supply domain in the integrated
circuit, and wherein the plurality of performance sensors
include sensors for heterogeneous circuits that have dif-
ferent relationships between supply voltage and circuit
speed; and

acore power reduction (CPR) controller module coupled to
the plurality of performance sensors and configured to
collect performance measurements from the plurality of

performance sensors by sequentially

receiving the performance measurement from each of
the plurality of performance sensors, and

assigning each of the performance measurements to
one of a plurality of categories according to a cir-
cuit type associated with the corresponding perfor-
mance measurement; and

process the performance measurements to determine a

target voltage level for the at least one supply domain.

11. The integrated circuit of claim 10, wherein the plurality
of performance sensors are coupled to the CPR controller
module in a scan chain.

12. The integrated circuit of claim 11, wherein the CPR
controller module comprises:

a sensor interface module configured to communicate with

the plurality of performance sensors;

a category identifier/mapping module configured to iden-
tify a category of the plurality of categories associated
with each of the plurality of performance sensors;

a measurement preprocessing module configured to pro-
duce a category performance measurement for each of
the plurality of categories; and

a CPR processor module configured to process the cat-
egory performance measurements to determine the tar-
get voltage level for the at least one supply domain.

13. The integrated circuit of claim 12, wherein the plurality
of categories include a category for each type of heteroge-
neous circuit, and wherein the CPR processor module is
further configured to merge the category performance mea-
surements for use in determining the target voltage level for
the at least one supply domain.

14. The integrated circuit of claim 11, wherein the scan
chain includes a bypass for at least one block of the plurality
of performance sensors.

15. The integrated circuit of claim 10, wherein the hetero-
geneous circuits include circuits using different transistor
types.

16. The integrated circuit of claim 10, wherein the hetero-
geneous circuits include circuits using different cell libraries.

17. A method for use in controlling supply voltages for
multiple supply domains to reduce power in an integrated
circuit, the method including:
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measuring circuit performance in the multiple supply
domains using a plurality of heterogeneous performance
Sensors;
collecting performance measurements by sequentially
receiving the performance measurement from each of
the plurality of heterogeneous performance sensors,
and
assigning each of the performance measurements to one
of a plurality of categories according to a circuit type
and supply domain associated with the corresponding
performance measurement; and

processing the performance measurements to determine

target levels for the supply voltages.

18. The method of claim 17, wherein the heterogeneous
performance sensors measure the performance of different
circuit types that have different relationships between supply
voltage and circuit speed.

19. The method of claim 18, wherein the different circuit
types include circuits using different transistor types.

20. The method of claim 18, wherein the different circuit
types include circuits using different cell libraries.

21. The method of claim 18, wherein the plurality of cat-
egories include a category for each of the different circuit
types.

22. The method of claim 17, wherein the plurality of cat-
egories include a category for each of the multiple supply
domains.

23. The method of claim 17, wherein collecting the perfor-
mance measurements includes preprocessing of the perfor-
mance measurements to produce a category performance
measurement for each of the plurality of categories while
sequential receiving the performance measurements, and
wherein processing the performance measurements to deter-
mine target levels for the supply voltages includes merging
the category performance measurements associated with a
respective one of the multiple supply domains.

24. The method of claim 23, wherein the category perfor-
mance measurements include a worst-case measurement of
the performance measurements for the respective one of the
plurality of categories.

25. The method of claim 17, wherein processing the per-
formance measurements is performed using multi-threaded
processing.

26. An apparatus, comprising:

aplurality of means for sensing performance of circuitry in

an integrated circuit, wherein at least one of the plurality
of means for sensing performance is connected to each
of a plurality of supply domains in the integrated circuit,
and wherein the plurality of means for sensing perfor-
mance include sensors for heterogeneous circuits that
have different relationships between supply voltage and
circuit speed; and

a means for controlling voltages of the plurality of supply

domains configured to
collect performance measurements from the plurality of
means for sensing performance by sequentially
receiving the performance measurement from each of
the plurality of means for sensing performance, and
assigning each of the performance measurements to
one of a plurality of categories according to a cir-
cuit type and supply domain associated with the
corresponding performance measurement; and
process the performance measurements to determine a
target voltage level for each of the plurality of supply
domains.
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27. The apparatus of claim 26, wherein the plurality of
means for sensing performance are coupled to the means for
controlling voltages in a scan chain.

28. The apparatus of claim 27, wherein the means for
controlling voltages comprises:

a sensor interface module configured to communicate with

the plurality of means for sensing performance;

a category identifier/mapping module configured to iden-
tify a category of the plurality of categories associated
with each of the plurality of means for sensing perfor-
mance;

a measurement preprocessing module configured to pro-
duce a category performance measurement for each of
the plurality of categories; and

a processor module configured to process the category
performance measurements to determine the target volt-
age levels each of the plurality of supply domains.

29. The apparatus of claim 26, wherein the heterogeneous
circuits include circuits using different transistor types and
circuits using different cell libraries.

30. The apparatus of claim 26, wherein the plurality of
categories include a category for each of the plurality of
supply domains and a category for each type of heteroge-
neous circuit.
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